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ABSTRACT 

I n  Phase 2 o f  t h i s  p r o j e c t ,  i t  was noted t h a t  c e r t a i n  d i ve rs  tended 
t o  develop h i  gh carbon d iox ide  1  eve1 s  du r ing  work whi 1  e  breath ing  n i t r o -  
gen-oxygen mixtures a t  depth. This  tendency i s  be l ieved r e l a t e d  t o  res-  
p i r a t o r y  s e n s i t i v i t y  t o  carbon d iox ide .  The l a t t e r  miqht  thus form the  
basis  o f  p r a c t i c a l  personnel se lec t i on  t e s t s .  The use of added resp i ra -  
t o r y  dead space was considered a  poss ib le  method o f  t e s t i n q  s e n s i t i v i t y ,  
perhaps w i t h  the  advantage of accentuat ing i n d i v i d u a l  d i f fe rences.  The 
phys io log i ca l  e f f e c t s  o f  dead snace i n  d i v i n g  are a lso  o f  concern i n  
t h e i  r own ri qht. The   resent stud.y was undertaken t o p a T s e i t h e D b s s i  b l  e 
value o f  t e s t s  i n v o l v i n g  dead space under var ious cond i t ions  and t o  ob- 
t a i n  more i n fo rma t ion  about the phys io log i ca l  e f fec ts  o f  dead space i n  
d iv ing .  

End- t ida l  carbon d iox ide  tension and o the r  r e s ~ i r a t o r y  var iab les  
were measured i n  s i x  subjects a t  t h e  sur face and a t  99 feet  i n  the  d ry  
recom~ress ion  chamber du r ing  r e s t  and work, w i t h  and w i thou t  one l i t e r  
o f  added r e s p i r a t o r y  dead space. Mean values showed an e leva t i on  o f  
carbon d iox ide  tensions w i t h  a d d i t i o n  of dead space, and 1  arqe increases 
were noted i n  some subjects e s p e c i a l l y  a t  depth. However, numerous i n -  
d i v i d u a l  comparisons i n d i c a t e d  the  reverse. Carbon d iox ide  l e v e l s  were 
genera l l y  h igher  a t  depth than a t  t he  surface, bu t  few a ~ ~ r o a c h e d  the  
values recorded du r ing  nitrogen-oxygen exoosure i n  Phase 2. Co r re la t i on  
w i t h  the sub jec ts '  r e l a t i v e  l e v e l s  of pC02 i n  Phase 2  was noted i n  c e r t a i n  
phases o f  t he  study, b u t  t he  r e l a t i o n s h i p s  were n o t  e n t i  r e l y  cons is ten t .  

Factors such as i n a b i l i t y  t o  c o n t r o l  temoerature a t  depth, c e r t a i n  
c h a r a c t e r i s t i c s  o f  t h e  dead space system, and i n s t a b i l i t y  o f  work r a t e  
were considered c o n t r i b u t o r y  t o  the  v a r i a b i l i t y  and oaradoxical nature 
o f  some o f  the  r e s u l t s .  

Fur ther  i nves t i  q a t i  on i s  requ i red  be fore  reaching f i r m  conclusions , 
and several p i t f a l l s  revealed by t h i s  study must be avoided. 



SUMMARY 

PROBLEM 

The o b j e c t i v e  o f  t he  i n v e s t i g a t i o n  was t o  study the  e f f e c t s  o f  
added r e s p i r a t o r y  dead space under var ious cond i t ions  from the  stand- 
po in t s  o f  (1 )  poss ib le  value i n  personnel s e l e c t i o n  t e s t s  and (2)  general 
importance i n  d i  v i  ng. 

FINDINGS 

The f i nd ings  were equivocal i n  many p a r t i c u l a r s  and i n d i c a t e  the  
need f o r  f u r t h e r  i n v e s t i g a t i o n  a1 ong several 1  ines. Regarding se lec t ion ,  
the  poss ib le  r o l e  o f  dead space remains unce r ta in  ; b u t  pC02 measurements 
du r ing  work and a t  depth show promise w i t h  o r  w i thou t  dead space. I n  
several instances, e s p e c i a l l y  a t  depth, dead space apoeared responsib le 
f o r  l a r g e  increases i n  pC02. Carbon d iox ide  l e v e l s  d i d  no t  genera l l y  
approach those noted dur ing  nitrogen-oxygen exposure i n  Phase 2, bu t  
several poss ib le  reasons f o r  t h i s  were .evident.  

RECOMMENDATIONS 

Re-study and extended i n v e s t i g a t i o n  o f  carbon d iox ide  l e v e l s  i n  
nitrogen-oxygen exposure i s  recommended, as are  f u r t h e r  s tud ies  r e l a t e d  
t o  dead space. Recommendations were a l so  made concerning f a c t o r s  be l ieved 
responsib le f o r  equivocal r e s u l t s  i n  t h i s  study. 

iii 
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I f  the  second f a c t o r  i s  taken i n t o  account, t he  inc rease  i n  b rea th -  
i n g  which f o l l  ows t he  a d d i t i o n  o f  dead space - o r  t h e  i n d i v i d u a l  ' s  ab i  1  i ty 
t o  keep h i s  carbon d i o x i d e  tens ions  w i t h i n  normal 1  i m i  t s  - should p rov ide  an 
index o f  r e s p i  r a t o r y  sens i  t i  v i  ty  t o  carbon d iox ide .  

2.3 S i  gn i  f i cance o f  carbon d i o x i d e  sens i ti v i  t y  

2.3.1 The r e s u l t s  o f  Phase 2  o f  t h i s  s tudy  (see Formal Report  7-55) sug- 
gested t h a t  1  ow r e s p i r a t o r y  s e n s i t i v i t y  t o  carbon d i o x i d e  was a  fundamen- 
t a l  f a c t o r  i n  t he  development o f  abnormal carbon d i o x i d e  tens ions  d u r i n g  
work ing exposure t o  ni t rogen-oxygen m ix tu res  a t  depth. The i n d i v i d u a l s  
who showed t h e  most abnormal l e v e l s  under those c o n d i t i o n s  gene ra l l y  had 
above-average carbon d i o x i d e  tens ions under o t h e r  cond i t i ons  i n c l u d i n g  
b rea th ing  a i r  a t  r e s t  c l ose  t o  t he  sur face .  However, a  use fu l  personnel 
s e l e c t i o n  t e s t  based on carbon d i o x i d e  tens ions  would have t o  p rov ide  
means o f  accen tua t ing  t h e  d i f f e rences  between i n d i v i d u a l s .  

2.3.2 Work conducted i n  con junc t i on  w i t h  Phase 3  o f  t h i s  s tudy  i nc l uded  
carbon d i o x i d e  s e n s i t i v i t y  t e s t s  performed a t  r e s t  i n  a  1  i m i  t e d  number o f  
i n d i v i d u a l s .  The method employed was t he  one which i s  s tandard i n  t he  
Laboratory  o f  Pharmacology a t  t he  U n i v e r s i t y  o f  Pennsylvania,  where t h e  
s tudy  was conducted. Th is  i nvo l ves  a d m i b i s t r a t i o n  o f  known percentages 
o f  carbon d i o x i d e  i n  t he  i n s p i r e d  gas w i t h  measurement o f  RMV and end- '  
exp i  r a t o r y  carbon d i o x i d e  l e v e l s .  

2.3.3 The r e s u l t s  (see Research Report 2-56) showed a  reasonable degree 
o f  c o r r e l a t i o n  w i t h  carbon d i o x i d e  l e v e l s  measured d u r i n g  n i t rogen-oxygen 
exposure a t  depth i n  t he  same i n d i v i d u a l s .  The i n d i v i d u a l s  showing t he  
h i g h e s t  and l owes t  values i n  n i t rogen-oxygen exposure were a l s o  d i s t i n c -  
t i v e  i n  t h e i r  carbon d i o x i d e  s e n s i t i v i t y ,  and t h i s  suggests t h a t  a  sen- 
s i  t i v i  t y  t e s t  as such m igh t  w e l l  have va lue  a t  l e a s t  i n  p r e d i c t i n g  ex- 
tremes o f  response. However, i t  seemed probable t h a t  p r e d i c t i o n s  s h o r t  o f  
t he  extremes would requ i  r e  s t i  11 f u r t h e r  accen tua t ion  o f  i n d i v i d u a l  
d i  f fe rences  . , 

2.4 P o t e n t i a l  advantages o f  a  "Dead Space Tes t "  

2.4.1 Should a  carbon d i o x i d e  s e n s i t i v i t y  t e s t  based on added dead space 
prove s a t i s f a c t o r y ,  i t  would have t he  advantage o f  r e q u i r i n g  no prepara- 
ti on o r  ana l ys i s  o f  spec i  a1 carbon d i o x i d e  mix tu res  . A  "response-curve" 
w i t h  as many p o i n t s  as des i r ed  cou ld  be ob ta ined  s imp ly  by  va ry i ng  t he  
s i z e  o f  t he  dead space, and t he  p r a c t i c a b i l i t y  o f  a  s e l e c t i o n  t e s t  would 
be cons iderab ly  enhanced. 

2.4.2 An even more impo r tan t  advantage m igh t  a r i s e  f rom a  fundamental 
d i f f e r e n c e  between added dead space and i n s p i r e d  carbon d iox ide :  a  man 
w i  t h  extreme s e n s i t i v i t y  t o  carbon d i o x i d e  can keep h i s  carbon 'd iox ide  
t ens ion  c l ose  t o  normal l e v e l s  even w i t h  a  r a t h e r  l a r g e  added dead sPace. 
With i n s p i  r e d  carbon d iox ide ,  no inc rease  i n  b rea th ing ,  however marked, 
can lower  t h e  t ens ion  below t h a t  o f  t he  i n s p i r e d  m ix tu re .  A t  t he  o t h e r  
extreme, dead space i n  t he  absence o f  compensation should be capable o f  
produc ing carbon d i o x i d e  tens ions o f  t he  same o rde r  as t h e  h i g h e s t  i n -  
s p i r e d  mix tu res  which a re  1  i k e l y  t o  be used. By v i r t u e  o f  t he  p o s s i b i  l- 
i t y  o f  near-complete compensation, a  dead space t e s t  ought t o  p rov ide  a  
w ide r  spread o f  values, and t h i s  should make i n d i v i d u a l  d i f f e r e n c e s  more 
c l ea r - cu t .  



2.5 Importance o f  dead space 

2.5.1 I n  a d d i t i o n  t o  poss ib le  value i n  connect ion w i t h  personnel se lec-  
t i o n ,  the e f f e c t s  o f  added r e s p i r a t o r y  dead space have considerable i m -  
portance i n  t h e i r  own r i g h t .  It i s  l o g i c a l  t o  assume t h a t  any circum- 
stance which decreased carbon d iox ide  s e n s i t i v i t y  o r  ra i sed  the  th res-  
ho ld  f o r  resp i  r a t o r y  s t i m u l a t i o n  by carbon d iox ide  would impa i r  a  man's 
a b i l i t y  t o  compensate f o r  dead space. Add i t i on  o f  dead space under such 
cond i t ions  could thus be expected t o  aggravate any tendency toward ab- 
normal l y  h igh  carbon d iox ide  tensions. 

2.5.2 I n  the  n i  trogen-oxygen " t a b l e - t e s t i n g '  exposures which l e d  t o  
unexpected t o x i c i t y ,  the  breath ing  system inc luded a  f u l l  - face mask 
w i t h  approximately 500 cc o f  p o t e n t i  a1 dead space. Pre l  im inary  s tud ies  
i n  1954 i n d i c a t e d  t h a t  500 cc o f  added dead space could be expected t o  
cause some increase i n  carbon d iox ide  l e v e l s  even under presumably 
favorable condi t ions.  

2.5.3 The p o s s i b i l i t y  t h a t  dead space con t r i bu ted  s e r i o u s l y  t o  the  i n -  
cidence o f  untoward reac t ions  i n  nitrogen-oxygen exposure has been con- 
s idered repeatedly  b u t  has n o t  y e t  been the  o b j e c t  o f  appropr ia te  study. 

2.6 Statement o f  problem 

2.6.1 Reaching the  two s ta ted  ob jec t ives  requ i red  determin ing how much 
the a b i l i t y  t o  compensate f o r  added dead space d i f f e r s  between i n d i v i d u a l s ,  
whether the  d i f f e r e n c e  i s  d i s t i n c t  enough t o  form the  bas is  o f  a  s e l e c t i o n  
t e s t ,  and i f so, whether poor dead-space coplpensati on c o r r e l  ates we1 1  wi t h  
an i n d i  v i  dual ' s  tendency t o  show h igh  carbon d iox ide  l e v e l s  dur ing  working 
exposure t o  n i  trogen-oxygen mixtures a t  depth. The type o f  condi ti ons 
' ( r e s t  o r  work, depth, b rea th ing  mixture,  and o the r  f a c t o r s )  which show 
d i f fe rences most d i s t i n c t l y  requ i  red  study n o t  o n l y  because o f  t he  need 
f o r  s e l e c t i o n  t e s t s  b u t  a lso  because o f  t he  independent importance o f  
dead-space e f f e c t s .  , 

2.6.2 The amount o f  t ime and manpower which could be expended on a  f r a n k l y  
exp lora tory  study was necessar i l y  l i m i t e d .  Consequently, as much informa- 
t i o n  as poss ib le  had t o  be der ived from each run, and the  procedures were 
kep t  as s imple as possib le.  

2.7 Approach 

2.7.1 S u f f i c i e n t  i n fo rma t ion  concerning the  c r i t i c a l  va r i ab les  was a n t i c i -  
pated from appropr ia te  measurements i n  f o u r  se ts  o f  runs i n v o l v i n g  combina- 
t i o n s  o f  the  f o l l o w i n g  fac to rs ,  arranged t o  permi t  one cond i t i on  t o  serve 
as " c o n t r o l "  f o r  t he  other .  

(1 )  Rest - w o r k  

(2 )  Surface - depth 

(3 )  Added dead space - minimal dead space 

2.7.2 The combinations were arranged t o  minimize the  confusion caused by 
day-to-day v a r i a t i o n ,  which i s  a  ser ious problem where each sub jec t  makes 
on ly  one run o f  a  given type. 



2.7.3 Only s ix  subjects were employed a t  th is  stage. They included one 
example of each extreme of carbon dioxide level noted during nitrogen- 
oxygen work-exposure in Phase 2. The remainder represented the "mean to 
high" group in which differentiation i s  most v i ta l .  With one exception, 
the subjects were also the same men employed in Phase 3. 

2.7.4 The most important measurement made was end-expiratory carbon di- 
oxide tension. According to the results of Phase 3, th is  provides a sa t -  
isfactory reflection of a r te r ia l  carbon dioxide tension, which i s  of pri- 
mary interest .  Respiratory minute volume and rate were of next importance. 
Breathing resistance, oxygen consumption, and mi xed expi red gas carbon 
dioxide percentage were also measured - the l a t t e r  two only under certain 
condi t i  ons . 

3. PROCEDURE 

3.1 Location 

All runs were conducted in a dry recompression chamber equipped with 
the necessary instrument cables and sampl ing connections. 

3.2 Respiratory c i r cu i t  

(A diagram of the respiratory c i rcui t  and accessory arrangements i s  
presented in Figure 2. ) 

3.2.1 A bank of four Scott i ndus t r i  a1 demand val ves , connected in para1 1 el , 
supplied a i r  to the c i r cu i t  on inspiration. Of these, 3 were supplied with 
compressed a i r  a t  about 125 psi over bottom pressure. The fourth operated 
a t  15 psi over bottom and controlled the end-tidal sampler (see 3.3.3). 

3.2.2 The special mouthpiece-check valve assembly was designed to have as 
low breathing resistance and as low an inherent dead space as possible with . 
the special arrangements required. Expired gas passed through a check valve 
into the small chamber from which end-tidal gas was sampled and from there 
into a thin-rubber "dead space bag". The l a t t e r  had a volume of approxi- 
mately one l i t e r .  This bag had two outlets:  one equipped with a check 
valve and leading to  the gas meter, the other leading back to the in- 
spiratory chamber of the mouthpiece assembly. The inspiratory connection 
was also equipped wi t h  a check-valve (inside the inspi ratory chamber). A 
segment of corrugated tubing and a clamp permitted the inspiratory connec- 
tion of the dead space bag to be closed off.  

3.2.3 Expi red gas f i r s t  f i l l ed  the dead space bag, then passed through 
the distal  exhaust check valve into the gas meter. With the inspiratory 
connection open, the fo l l  owing inspi ration f i r s t  emptied the dead space 
bag, then activated the demand valves. The subject thus, in e f fec t ,  in- 
spired a l i t e r  of expired gas before receiving fresh a i r .  W i t h  the con- 
nection closed, inspiratory gas came ent irely from the demand valves. In 
this  case, there was no rebreathing of previously expired gas except for  
the small amount which could diffuse into the inspiratory chamber during 
exhalation and tha t  present in the 2-way portion near the mouthpiece. 



3.3 Measurements and ins t ruments  

3.3.1 Net  r e s p i r a t o r y  minute volume (exp i red )  was measured by means of 
a  d r y - t e s t  gas meter  o f  adequate capac i ty .  The meter was equipped w i t h  
e l e c t r i c a l  con tac ts  which were connected t o  t he  event-markers on a Brush 
osc i  1  lograph o u t s i d e  t he  chamber. One c o n t a c t  r e g i s t e r e d  each 1 i t e r  o f  
gas go ing through t he  meter; the  o t h e r  r e g i s t e r e d  every  t e n  1 i t e r s  t o  
p rov ide  a check and t o  a s s i s t  count ing.  (Note t h a t  t h i s  system measured 
o n l y  t he  n e t  exp i  r e d  gas volume. It d i d  n o t  r e g i s t e r  t he  volume o f  gas 
which t he  s u b j e c t  breathed back and f o r t h  i n  t h e  dead space p a r t  o f  t h e  
c i r c u i t  when t he  dead space i n s p i r a t o r y  connect ion was open. Th is  e x t r a  
volume amounted t o  one a d d i t i o n a l  1  i t e r  p e r  b rea th .  To determine t he  
s u b j e c t ' s  t r u e  RMV f o r  dead space runs, i t  i s  thus necessary t o  add a 
number o f  l i t e r s  equal t o  t he  r e s p i r a t o r y  r a t e  t o  t he  n e t  RMV as recorded. 

3.3.2 Respi r a t o r y  r a t e  and b r e a t h i n g  r e s i s t a n c e  were recorded by means 
o f  a  Statham 1 p s i  s t r a i n  gage pressure t ransducer  connected t o  t h e  
i n s p i r a t o r y  chamber o f  t he  mouthpiece-valve assembly. The gage was 
connected e l e c t r i c a l l y  t o  a  Brush un i  versa1 amp1 i f i e r  and o s c i  1  log raph  ou t -  
s i d e  t he  chamber. Th i s  p rov ided  a reco rd  o f  i n s p i  r a t o r y  and e x p i r a t o r y  
pressures which i n d i c a t e d  t he  r e s p i r a t o r y  r a t e  as w e l l  as "b rea th i ng  r e -  
s i s  tance".  

3.3.3 End- t i  da l  carbon d i o x i d e  t ens ion  measurement i n v o l v e d  use o f  t h e  
Funderburk-EDU end - t i  da l  gas sampl i ng sys tem. Th i s  pumped approxmately 
10 cc o f  gas f rom the  e x p i r a t o r y  sampl ing chamber o f '  t h e  mouthpiece as- 
sembly when t h e  demand va lves were a c t i v a t e d  by  each i n s p i r a t i o n .  Th is  
gas was then pumped through t he  sample-decompressor t o  t he  ou t s i de  where 
i t  was run  through a Model 16 L is ton-Becker  Carbon D iox ide  Analyzer.  The 
ana lyzer  ou tpu t  was recorded on an Es te r1  i ne-Angus reco rd ing  galvanometer. 
C a l i b r a t i o n  o f  t he  ana lyzer  was i n  terms o f  percen t  carbon d i o x i d e  a t  one 
atmosphere. C a l c u l a t i o n  i n  terms o f  t he  ambient pressure t o  which t he  
s u b j e c t  was exposed y i e l  ded t he  carbon d i  o x i  de tens ion .  Cal i b r a t i o n  o f  
t he  ana lyzer  was checked w i t h  oxygen and 3 known carbon d i o x i d e  m ix tu res  
a t  t he  beg inn ing  o f  each run  and w i t h  oxygen and t he  h i g h e s t  m i x t u r e  dur-  
i n g  and f o l l o w i n g  t h e  run. 

3.3.4 M i  xed exp i  r e d  gas measurements considered: 

( 1  ) Determi n a t i  on o f  carbon d i  o x i  de o u t p u t  and oxygen consumpti on 
r e q u i r e  sampl ing o f  e x p i r e d  gas i n  which t he  "dead-space" and " a l -  
veo la r "  p o r t i o n s  a re  we1 l -mixed. 

( 2 )  The e n d - t i d a l  sampler was equipped w i t h  an a d d i t i o n a l  sampl ing 
pump which drew samples o f  wel l -mixed e x p i r e d  gas f rom the  o u t l e t  
s i d e  o f  t h e  gas meter. These samples were d e l i v e r e d  t o  t he  o u t s i d e  
sepa ra te l y  f rom the  end - t i da l  gas. 

( 3 )  To p e r m i t  ana l yz i ng  bo th  samples s e q u e n t i a l l y  w i t h  t h e  same 
carbon d i o x i d e  analyzer ,  t he  o u t l e t  1  i nes  o f  bo th  were equi?ped w i t h  
o v e r f l o w - r e l i e f  accumulators and a t tached t o  a  sw i tch -over  dev ice  
which a1 t e r n a t e l y  connected each t o  t h e  L is ton-Becker  f o r  a  30-second 
pe r i od .  . The accumulator f o r  t he  mixed-expi red gas samples f e d  i t s  
ove r f l ow  t o  a  Beckman oxygen analyzer .  



(4)  I n  p rac t i ce ,  i t  was found t h a t  the  volume o f  gas prov ided by 
the  sampling arrangements was n o t  always s u f f i c i e n t  t o  assure com- 
p l e t e  washout o f  t he  analyzer  sample-cell w i t h i n  30 seconds. (The 
Model 16 p ickup which had t o  be employed f o r  t he  study i s  equipped 
w i t h  a  low-res is tance c e l l  - f o r  d i r e c t  r e s p i r a t o r y  use - and t h i s  
invo lves  excep t i ona l l y  1  arge wash-out space. ) Since t ime d i d  n o t  
permi t  extensive r e v i s i o n s  i n  t he  system, the  at tempt t o  analyze 
mixed exp i red  gas f o r  carbon d iox ide  was u l t i m a t e l y  abandoned i n  
favo r  o f  end- t i  da l  measurement alone. A more d i r e c t  connection 
t o  the  oxygen analyzer  was then made w i t h  the  mixed-expi r e d  sample- 
1  i n e  t o  permi t  oxygen-analysis t o  be continuous. 

3.3.5 Oxygen consumption measurements considered: 

(1)  To prov ide  an approximation o f  t he  s u b j e c t ' s  oxygen consump- 
t i on ,  the  mixed exp i red  gas measurements w i t h  the  Beckman oxygen 
analyzer  u t i l i z e d .  This  was done o n l y  du r ing  sur face runs s ince  
ana lys is  cannot be p rec i se  enough t o  y i e l d  meaningful data from 
depth runs where the  oxygen-extract ion i s  very smal l .  

( 2 )  A  m o d i f i c a t i o n  o f  t he  nomographic method o f  Margaria, e t  a1 
( J .  Appl. Physio l .  6:776, 1954) was y t i l i z e d .  This i s  based on s i -  
mu1 taneous measurement o f  i n s p i  r a t o r y  RMV and o f  the  oxygen tens ion  
o f  mixed expi  r e d  gas a f t e r  absorpt ion o f  carbon d iox ide .  (Carbon 
d iox ide  was removed by passing the  samples through a  potassium hy- 
drox ide s o l u t i o n  be fore  they entered the  analyzer.)  I n  t h i s  study, 
the  i n s p i  r a t o r y  RMV was n o t  measured and the  e x p i r a t o r y  RMV had t o  
be subs t i t u ted .  This  e n t a i l s  an e r r o r  p ropo r t i ona l  t o  t he  d e v i a t i o n  
o f  t he  s u b j e c t ' s  Respi ratory Quo t ien t  from one. (During the  e a r l i e r  
sur face runs, t h e  r e s u l t s  o f  t he  procedure discussed above were 
checked by simul taneous determinat ions by the  more 1  abor i  ous "stand- 
ard" technique. The 1  a t t e r  en ta i  1s c o l l e c t i o n ,  sampling and measure- 
ment o f  t he  e n t i r e  exp i red  gas volume f o r  the  pe r iod  o f  measurement 
w i t h  subsequent chemical ana lys is  f o r  oxygen and carbon d iox ide .  
Results o f  t h i s  comparision i nd i ca ted  t h a t  t he  s impler  method y i e l d e d  
values c o n s i s t e n t l y  h ighe r  b u t  r a r e l y  more than 0.1 l i t e r  pe r  minute 
i n  e r ro r . )  

(3 )  Oxygen consumption was measured du r ing  the  l a s t  5  minutes of 
the  main exerc ise  p e r i o d  i n  most o f  the  "sur face"  runs. 

3.4 Work 

3.4.1 Exe r t i on  i n v o l v i n g  a  mean oxygen consumption o f  about 1.4 l i t e r s  
per  minute was in tended f o r  the  work-phases o f  the  runs. (This  i s  t h e  
work-rate associated w i t h  " l ong -pu l l "  swimning, used i n  most recent  EDU 
studies.  ) 

3.4.2 The sub jec ts  exerc ised by pedal ing the  hyd rau l i c  b i c y c l e  ergometer. 
Pre l im inary  " c a l i b r a t i o n "  o f  the  ergometer i n d i c a t e d  t h a t  t he  des i red  
average oxygen consumption o f  1.4 l i t e r s  pe r  minute was achieved w i t h  15 
p s i  pump c i r c u i t  pressure a t  a  60/min. peda l ing  ra te .  (See Appendix 8.2) 



3.5 Temperature 

3.5.1 Since t h e  runs were conducted du r i ng  h o t  weather and i n  t he  r e -  
compression chamber, uncomfor tab le  warmth on t he  p a r t  o f  t h e  sub jec t s  
was a n t i c i p a t e d .  Steps were taken t o  keep t h e  men as comfor tab le  as 
poss ib le .  

3.5.2 Dur ing su r f ace  runs, a l a r g e  e l e c t r i c  f a n  and a b lower  were 
d i  r e c t e d  on t h e  sub jec t s ,  and they  were general  l y  f a i  r l y  comfor tab le .  

3.5.3 A t  depth, o n l y  t he  f an  cou ld  be used t o  supplement f r equen t  
compressed-ai r v e n t i  1 a t i  on o f  t h e  chamber. Un fo r t una te l y ,  chamber 
temperature was recorded poo r l y ,  no measurements o f  hum id i t y  were 
made, and s u b j e c t s '  body temperature was n o t  measured. (See Appendix 8.3) 

3.6 Subjects  

3.6.1 S i x  sub jec t s  were employed i n  t h i s  s tudy.  Wi th  one excep t ion  
(LCDR DWYER -was s u b s t i t u t e d  f o r  BN1 CIRELLI, who had been detached), 
t he  group was t h e  same as t h a t  s t u d i e d  i n  t he  e v a l u a t i o n  o f  t he  end- 
t i d a l  sampl ing system and o t h e r  f a c t o r s  .(Research Report  2-56). A1 1 
had been sub jec t s  f o r  t he  Nitrogen-Oxygen Phys io logy wet- tank runs .. 
(Formal Report  7-55). 

3.6.2 DWYER had shown t h e  h i g h e s t  e n d - t i d a l  pC02 i n  t he  n i t r o g e n -  
oxygen study, w h i l e  LANPHIER's values were among t h e  lowes t .  The 
o t h e r  sub jec t s  were drawn f rom t h e  "average o r  above" group o f  t h a t  
s tudy . 
3.7 Runs 

3.7.1 Runs were o f  two b a s i c  types, i n d i c a t e d  i n  F igure  1, below. 
r 

FIGURE 1 : composi t ion o f  runs 
No No 

Dead Space 
d.+ 

+ Dead Space 

(2 )  
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"Cont ro l  " Runs 

NOTE: ( 1  ) Oxygen consumption measured d u r i n g  su r f ace  runs. 

T i  me, mi nu t es  
- - - - - - - - - - - - - - - - - - - - - - - - - f - - - - - - - - - - - - - - - - - - -  

( 2 )  Mixed e x ~ i r e d  gas % C02 recorded and carbon d i o x i d e  o u t p u t  
computed d u r i n g  some runs. 
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Each subject made one r u n  of each type a t  the surface and a t  a pressure 
equivalent to  99 fee t  of'depth. Air was the breathing medium throughout. 

3.7.2 Each run consisted of a 5 minute se t t l ing  down period followed by 
20 minutes of work and 20 minutes of rest .  In the "dead space" runs, the 
1000 cc dead-space bag was in the c i rcui t  except during the l a s t  5 minutes 
of work and of rest .  In the "no dead space" runs, the procedure was re- 
versed (See Appendix, 8.4). 

3.7.3 Each subject made 4 runs "for the record". Several repeats had to 
be made because of various errors and failures.  Definite c r i t e r i a  for  re- 
peating were established to avoid prejudicing the results.  

3.7.4 The order in which each subject made the various runs was randomized 
as much as possible. 

3.8 Handling of data 

3.8.1 Respiratory minute volume, breathing resistance, respiratory ra te ,  
and end-ti dal carbon dioxide analyzer def 1 ection were recorded automati - 
cally throughout a l l  runs. Following the runs, data sheets were prepared 
from these records. Carbon dioxide tensions were derived from the analy- 
zer deflections by means of appropriate translation tables based on the 
calibration curves and the ambient pressure. 

3.8.2 Values for  tabulation were derived by averaging the figures for 
the l a s t  5 minutes of the principal "dead space" or "no dead space" 
periods of res t  and work and by averaging the l a s t  2 minutes of the 
"shif t"  periods. 

3.8.3 Oxygen consumpti on was computed as described above (See 3.3.5). 
, 

3.8.4 Other detai ls  of the handling and analysis of data are apparent 
in Section 4. ,  Results. 



4. RESULTS 

4.1 General 

The bas ic  data are presented i n  Tables 1  and 2. Table 3 i nd i ca tes  
the var ious means and mean d i f fe rences.  Table 4 presents r e l a t e d  pC02 
data from Phases 2  and 3. Table 5 gives oxygen consumption measurements 
i n  t he  present  study, and Table 6 i s  concerned w i t h  b reath ing  res is tance.  

4.2 Personnel s e l e c t i o n  aspects 

4.2.1 C r i t e r i a  

(1 )  The c r i t e r i o n  f o r  judg ing  the p r e d i c t i v e  value o f  a  procedure 
i s  t he  degree o f  c o r r e l a t i o n  between the  resu l  t s  o f  the' " t e s t  pro-  
cedure" and the  c h a r a c t e r i s t i c  i t  i s  in tended t o  p r e d i c t .  Here, 
the on l y  a v a i l a b l e  standard i s  t he  order  o r  "rank" o f  the  subjects 
according t o  pC02 values recorded du r ing  n i  trogen-oxygen exposure 
i n  Phase 2  -(Table 4) .  

( 2 )  To show promise from the  standpoint  o f  personnel se lec t i on ,  a  
given phase o r  type o f  observat ion j n  t h i s  s tudy should i n d i c a t e  a  
reasonable degree o f  c o r r e l a t i o n  w i t h  t h a t  order.  

4.2.2 Dead space and s e l e c t i o n  

(1) The most obvious measure t o  examine f o r  evidence o f  c o r r e l a t i o n  
i s  s imply the  pC02 recorded w i t h  dead space under var ious cond i t ions .  
Note t h a t  the  under most o f  t he  cond i t ions  studied,  the  a d d i t i o n  o f  
dead space made on l y  a  smal l  d i f f e r e n c e  i n  the  mean values o f  pC02 and 
had l i t t l e  i f  any favorable e f f e c t  on the  c o r r e l a t i o n  o f  i n d i -  
v i  dual va l  ues. 

(2)  Another measure which might  show p r e d i c t i v e  value i s  t h e  change 
i n  pC02 associated w i t h  a d d i t i o n  o f  dead space. There i s  indeed a  
l a rge  di f ference between i n d i v i d u a l s  i n  respect  t o  t h i s  change. Note 
t h a t  I n  numerous instances the  pC02 was lower w i t h  the'dead space than 
w i thou t  i t  - a  f i n d i n g  which appears paradoxical (See DISCUSSION, 5.1 .0). 
Some i nd i  v i  dual s  consi s t e n t l y  showed increases , as expected, and some 
o f  the  increases were q u i t e  large.  However, there  i s  no evidence o f  
c o r r e l a t i o n  between the d i r e c t i o n  o r  degree o f  change and t h e  Phase 2  
data. Only DWYER ranks "h igh"  c o n s i s t e n t l y  i n  both respects. 

(3) Response t o  dead space was expected t o  f u r n i s h  an unusa l ly  good 
index o f  carbon d iox ide  s e n s i t i v i t y ,  b u t  the  frequency o f  "negat ive"  
changes made ana lys is  o f  the  data i n  these terms a  h i g h l y  quest ion-  
able procedure. 

4.2.3 Carbon d iox ide  l e v e l s  and s e l e c t i o n  

(1 ) Despite the  quest ionable s i g n i f i c a n c e  o f  the  dead space r e s u l t s ,  
examination o f  pC02 values recorded i n  the  study as a  whole i s  o f  some 
i n t e r e s t .  Under none o f  the  cond i t ions  o f  study were the  pC02 l e v e l s  
as h igh  as du r ing  nitrogen-oxygen exposure even though a  few sub jec ts  
approached t h e i r  previous l e v e l s .  However, under several o f  the  con- 
d i t i o n s  o f  study the  pC02 values "ranked" the  subjects i n  about the 
same order  as d i d  the  measurements o f  Phase 2. 
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4.4 E f fec ts  o f  depth 

(1 )  During work, the  mean pC02 values tended t o  be h igher  a t  99 f e e t  
than a t  the  surface. During r e s t ,  the  reverse was t rue .  I n  both 
cases, the  d i f f e rences  were smal l .  As a consequence o f  these op- 
p o s i t e  trends, the  work-rest pC02 d i f f e r e n c e  was considerably l a r g e r  
a t  depth than a t  the  surface. This was p a r t i c u l a r l y  t r u e  w i t h  dead 
space. I n  those phases, i t  was almost as l a r g e  as i n  the n i t rogen-  
oxygen runs o f  .Phase 2 (15.5 mmHg), b u t  both r e s t i n g  and working 
values were considerably lower. While some subjects showed greater  
surface-depth d i f f e r e n c e  than others, no c o r r e l a t i o n  w i t h  Phase 2 
"rank" i s  ev ident .  Note t h a t  a l l  o f  the  unusual ly  h igh  pC02 values 
i n  t h i s  study were obtained dur ing  work a t  depth b u t  t h a t  i n d i v i d u a l  
trends showed considerable v a r i a b i l i t y .  

(2 )  I n  general, RMV and r a t e  were lower a t  99 f e e t  than a t  the  sur-  
face dur ing  work and h igher  dur ing  r e s t ,  i .e. they u s u a l l y  maintained 
the  expected r e l a t i o n s h i p  t o  pC02; b u t  some o f  the  i n d i v i d u a l  v a r i a -  
t i o n s  c l e a r l y  i n d i c a t e  t h a t  the  sub jec t ' s  work r a t e  was no t  the same 
a t  depth as a t  the  sur face and t h a t  t h i s  mod i f ied  the  apparent r e l a -  
t i onsh ip .  (See a l so  DISCUSSION 5.2.2(3)). 

Miscellaneous observat ions 

4.5.1 Work r a t e  

(1 )  Oxygen consumption data (sur face runs on l y )  i s  presented i n  
Table 4. It shows considerable v a r i a t i o n ,  and most o f  the  values 
are above the  in tended mean o f  1.4 l i t e r s  pe r  minute. 

(2 )  The RMV f i gu res  i n  Tables 1 and 2 ("no dead space" phases) a lso  
prov ide an i n d i c a t i o n  o f  work r a t e .  The means are considerably above 
those o f  the  n i  trogen-oxygen study (about 27 Ipm) , and the  i n d i v i d u a l  
values show great  v a r i a t i o n  even i n  the  same man under s i m i l a r  condi- 
ti ons . 
( 3 )  
the  
was 

During h i s  "dead space" run  a t  99 feet,  HOLLINGSWORTH ignored 
cyc l  i ng ra te -con t ro l  sys tern. He was obviously  overworking and 
unable t o  f i n i s h  the run. (The run  could n o t  be repeated because 

o f  s u b j e c t ' s  imminent departure on leave t o  be marr ied.) The data 
from t h i s  run was recorded b u t  omi t ted  i n  averaging. Note t h a t  the  n e t  
RMV was 31 .5. Since dead space was i n  the  c i  r c u i  t and the  r a t e  was 24 
breaths per  minute, the  sub jec t  was a c t u a l l y  v e n t i l a t i n g  about 55.5 Ipm. 

4.5.2 Breath ing res is tance 

The b rea th ing  res is tance data was n o t  analyzed i n  d e t a i l ,  bu t  
t he  formula and "constants" i n  Table 5 i n d i c a t e  the  order  o f  magnitude 
encountered under the  var ious condi ti ons. The increase w i t h  depth was con- 
s iderab le ,  b u t  the  l e v e l s  d i d  n o t  exceed those genera l l y  accepted i n  scuba. 



4.5.3 Temperature 

Measurement of chamber temperature was not  done consistently, and no 
measurements of body temperature were made. Subjects were reasonably com- 
fortable during surface runs b u t  f e l t  acutely'overheated during the work 
phases of the 99-foot runs. 

4.5.4 Symptoms 

In general , the complaints of the subjects w.ere readily attributable 
to work, heat, and the respiratory apparatus. None appeared t o  related 
specifically to carbon dioxide excess or  of much si'gnificance from other 
standpoints. 

However, DWYER reported bizarre symptoms fo l l  owing his "surface- 
dead space" r u n .  The run i t s e l f  was uneventful, and the highest pC02 
recorded a t  any time was 56.3 mmHg. During the run, the subject noticed 
only "the incipient feeling of a headache", and nothing developed. The 
symptoms experienced following the run can be summarized as follows : 

.. 

About 80 minutes a f t e r  the run, DWYER experienced sudden onset of 
vertigo severe enough that he required assistance in standing. This 
was accompanied by severe nausea and heavy sweating. The vertigo lasted 
about 3 minutes, the sweating s l ight ly longer, and the nausea about 20 
minutes, gradual ly diminishing. Subject went t o  1 unch despite nausea 
and ate f a i r ly  we1 1. Headache ("behind the eyes") began during lunch, 
was quite severe for  about 20 minutes, subsided while he rested. Some 
residual headache remained most of the afternoon. There were no further 
symptoms. 

5. DISCUSSION 

5.1 Dead space effects 

5.1.1 Paradoxical pC02 changes 

The most striking feature of the study i s  the generally indefinite 
nature of the findings. Much of th is  vagueness can be traced to one 
feature of the data: the frequency with which lower pC02 levels were 
measured with added dead space in the c i rcui t  than without i t .  With 
very few exceptions, such "negative differences" occurred in only ha1 f 
of the subjects (and not invariably in them) b u t  had a profound influ- 
ence on the mean values. The fact  that  negative differences occurred 
th is  frequently also raises serious questions. If they are a r t i f ac t s  
in some sense, which seems most l ikely,  they question the significance 
of a l l  the observations. I f  they are by any chance valid, current think- 
ing about dead space must be revised radically. The possibi l i t ies  should 
be examined: 

5.1.2 Previous observations 

The accepted concept about added dead space and i t s  effects was dis- 
cussed in 2. DESCRIPTION. The few published studies and EDU1s prelimi- 
I - - ~. 

I - 

-1 2- 



nary dead space work (See Appendices, 8.5) generally uphold this concept 
and offer very l i t t l e  precedent for a drop in pC02 with added dead space. 

5.1.3 Possible sources of error 

(1  ) Type of dead space 

( a )  The dead space arrangements (pee PROCEDURE, 3.2, and Figure 21, 
involved a collapsible bag rather than the usual rigid "dead volume". 
(Note that the arrangement differs from the usual scheme of "gas 
saver" type scuba which involves the "bag" principle. There, the 
arrangement attempts to trap only the f i r s t  part of expiration. 
In  the apparatus of the present study, the dead space bag deliber- 
ately trapped the las t  part of expiration.) This arrangement had  
a t  least one feature which might help account for the results. 
On inspiration with the bag in the c i rcui t ,  the subject f i r s t  
emptied the bag and then tripped the demand valves t o  complete 
his inspiration. Subjects -could not be kept unaware of the pres- 
ence or absence of added dead space, and most of them also real- 
ized t h a t  they g o t  no fresh gas until the demand opened. However, 
tidal volumes were almost invariably larger than bag volume even 
a t  rest without dead space, so the demand valves would have been 
actuated even without any compensatory increase in tidal volume. 

( b )  LANPHIER, being concerned about this situation tried on 
occasion t o  see whether he could consciously gage the amount of 
a i r  he needed to draw from the demand t o  'cmmpensate for the dead 
space. He concluded t h a t  he had nothing b u t  his respiratory 
drive to guide him and could n o t  possibly judge whether he was 
actually compensating adequately or not, and his pC02 invariably 
rose when dead space was i n  the circuit or fel l  when i t  was re- 
moved. , 

(c )  FUNDERBURK constructed the dead space arrangement and was 
we1 1 -acquainted with i t s  imp1 ications. He was not aware of con- 
sciously modifying hi s breathing, b u t  he almost always showed an 
increase in net ventilation and a considerable drop in pC02 when 
dead space was present. His "negative differences" were the most 
consistent and generally the largest noted. I t  can also be re- 
called from Phase 3 t h a t  the same subject approximately doubled 
his RMV when he discovered t h a t  a certain feature of his normal 
respi ratory pattern was causing the Lambertsen sampler to function 
improperly. 

( d )  I t  i s  impossible t o  rule o u t  the possibility t h a t  this system 
and awareness of i t s  characteristics may have modified the responses 
a t  least of some subjects. Conscious awareness of the necessity for 
increased breathing may we1 1 cons t i  tute an additive respi ratory 
stimulus even where no index of the adequacy of ventilation i s  
present. Despite certain disadvantages , the more common "ri gi d 
volume" type of dead space apparatus i s  probably preferable; and 
obviously, wherever possible, the tests should be "blind" - subjects 
not knowing whether added dead space i s  present or n o t .  The'impor- 
tance of "conscious awareness" as a respiratory stimulus could be 
the subject of an extremely interestina study i n  i t s e l f ,  
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(4 )  Fur ther  study, w i t h  e l i m i n a t i o n  o f  a1 1  the  poss ib le  sources 
o f  e r r o r  mentioned, i s  c l e a r l y  requi red.  I n  such a  study, two 
p o s s i b i l i t i e s  should be kept  i n  mind and evaluated i f  poss ib le :  
( 1 )  t h a t  acce t e d  concepts about dead space response may be i n  : - 
e r r o r ,  and ( 2  7 t h a t  there  may be some unsuspected f a c t o r ,  aside 
from those mentioned, which makes response t o  a  "bag" type dead 
space d i f f e r  from the usual. 

5.2 E f f e c t s  o f  d e ~ t h  

5.2.1 Non-dupl icat ion o f  Phase 2  r e s u l t s  

One o f  t he  secondary motives behind t h i s  study was t o  determine 
whether b reath ing  a i r  du r ing  exe r t i on  a t  99 f e e t  would produce increases 
i n  end- t ida l  pC02 l i k e  those observed us ing  45% oxygen-55% n i t rogen  a t  t he  
same depth i n  Phase 2. It c l e a r l y  d i d  not .  The mean pCO2 was s l i g h t l y  
h igher  a t  depth than a t  the  surface, bu t  n e i t h e r  t he  means no r  most o f  
the  i n d i v i d u a l  values du r ing  work a t  99 f e e t  approached those observed 
w i t h  n i  trogen-oxygen. 

5.2.2 Possib le explanat ions 

Several poss ib le  reasons f o r  f a i l u r e  t o  dup l i ca te  these r e s u l t s  are 
worth consider ing:  

(1 ) The most a1 arming possi b i  1  i ty i s  t h a t  the  n i  trogen-oxygen r e s u l t s  
themselves were i n  e r r o r .  This p o s s i b i l i t y  was s e r i o u s l y  considered 
a t  the  t ime o f  t h a t  study and l a t e r  (Phase 3) and has been deemed 
u n l i k e l y .  However, the f a i l u r e  o f  t he  present r e s u l t s  t o  conf i rm 
the previous ones makes repeat ing  those runs even more des i rab le  
than before. 

(2 )  The p o s s i b i l i t y  t h a t  e r r o r s  i n  sampling o r  ana lys is  were a t  
f a u l t  i n  the present  study cannot e n t i r e l y  be r u l e d  ou t  al though the  
precaut ions taken should have been ample a t  l e a s t  f o r  t he  "nu dead 
space" phases (See 5.1.3 (2 ) ) .  The mean pC02 values a t  the sur face 
were a lso  lower du r ing  bo th  work and r e s t  than those f o r  t he  same 
s u b j e c t s i n  the  "near sur face-a i r "  phase o f  the  nitrogen-oxygen runs 
(Phase 2) and t h e  Phase 3  study. This might  i n d i c a t e  an o v e r a l l  e r r o r  
o f  some k ind.  

(3 )  D i f fe rence i n  cond i t ions  

( a )  There were very great  d i f ferences between the  circumstances of t h  
;',I i,' - I  , Phase 2  runs and these. I n  Phase 2, the  men were swimming h o r i  - 

' z o n t a l l y  underwater w i t h  a  f u l l - f a c e  mask. Here they were 
u p r i g h t  r i d i n g  a  b i c y c l e  i n  a  d ry  chamber, us ing a  mouthpiece and 
nosec l i p  w i t h  a  d i f f e r e n t  b rea th ing  system. As po in ted  ou t  by 
some subjects and concurred i n  by a1 1, the  e n t i  r e  " f e e l  I' o f  t he  
s i t u a t i o n ,  n o t  l e a s t  i n  regard t o  breath ing,  was e n t i r e l y  d i f f e r -  
ent.  I n  many cases, the work-rate was d i f f e r e n t  a lso  (5.4.1). 

( b )  Perhaps the  most important  d i f f e rence  was i n  the  temperature. 
Underwater, t he re  was no systemat ic  d i  f fe rence i n  temperature be- 
tween sur face and depth runs, and the  subjects were always reason- 
ab ly  comfortable. I n  the  chamber runs, temperature a t  the  sur face 
was n o t  much o f  a  problem; bu t  a t  depth, the heat was almost i n -  



t o l e r a b l e  espec ia l  l y  dur ing  work. Increased body temperature i s  
known t o  be a  r e s p i r a t o r y  s t imulus,  so the  t e m ~ e r a t u r e  
d i f f e r e n c e  might  have cancel l e d  ou t  a  l a r g e  p a r t  o f  any normal 
surface-depth pC02 d i  f ference.  

( c )  I n  h i s  "dead space" run  a t  99 fee t ,  LANPHIER's pC02 values 
were a1 1  unusual ly  low even f o r  him. They markedly i n f l uenced  
the  means, and even though h i s  pC02 was h ighe r  i n  t he  dead space 
phases, i t  d i d  n o t  reach the "no dead space" l e v e l  o f  h i s  o the r  
depth run. The main sub jec t i ve  d i f f e r e n c e  between the  two 99 
f e e t  runs was t h a t  t he  heat  seemed much worse i n  the  run  which 
showed the  low pC02 l eve l s .  

( 4 )  F i n a l l y ,  t he re  i s  no ac tua l  evidence t h a t  a i r  should have the 
same e f f e c t  on b rea th ing  a t  depth as w i l l  a  55/45 ni trogen-oxygen 
mix tu re .  The probabi 1  i t y  t h a t  n i t r o g e n  was responsib le f o r  the  
noted changes i n  Phase 2  suggested t h a t  a i r ,  y i e l d i n g  a  h igher  
p a r t i a l  pressure o f  n i t rogen,  would produce an even g rea te r  change. 
But i t  i s  ~ o s s i b l e  t h a t  a  c e r t a i n  p a r t i a l  pressure o f  oxygen has 
t o  be present  simultaneously,  and the  s i t u a t i o n  may i n v o l v e  complex 
i n t e r - r e l a t i o n s h i p s  , b iphas ic  e f f e c t s ,  o r  both. Whatever t he  
exp lanat ion  f o r  the  l a c k  o f  no tab le  surface-depth d i f f e rence  i n  t h i s  
study, t he  r e l a t i o n s h i p s  i nvo l ved  deserve f u r t h e r  i n v e s t i g a t i o n .  

5.3 Personnel s e l e c t i o n  

5.3.1 General observat ions 

The poss ib le  value o f  dead space as an ad junc t  t o  ) ! i  n.1- 
personnel s e l e c t i o n  rece ived l i t t l e  i l l u m i n a t i o n  f r o m ' t h i s  study, ' 

b u t  an oppo r tun i t y  was prov ided t o  ga in  some i n s i q h t  i n t o  o t h e r  
poss ib le  methods o f  p r e d i c t i n g  a  man's tendency t o  r e t a i n  carbon , 
d i o x i  de under c e r t a i n  condi ti ons. 

5.3.2 Carbon d i o x i d e  l e v e l s ,  p e r  se 

(1 )  I t  was noted t h a t  the  r e l a t i v e  l e v e l  o f  a  s u b j e c t ' s  end - t i da l  pC02 
under some cond i t i ons  c o r r e l  a ted r a t h e r  we1 1  w i t h  comparable observa- 
t i o n s  i n  Phase 2  (See 4.2.3). Work alone seemed t o  have p r e d i c t i v e  
va lue i n  t h i s  sense, and work a t  99 f e e t  was even more s p e c i f i c .  A1 - 
though i t s  i n f l u e n c e  was n o t  impressive f o r  obvious reasons, dead 
space appeared t o  improve the  o v e r a l l  s p e c i f i c i t y  t o  some degree. 
The p i t f a l l s  o f  eva lua t i ng  " c o r r e l a t i o n "  w i t h  so few sub jec ts  and so 
few observat ions must be kep t  i n  mind. The comparisons made here are  
necessari  l y  crude. 

( 2 )  I f  a  s e l e c t i o n  t e s t  could be based on pCO2 l e v e l s  developed dur- 
i n g  work a t  the  sur face,  t h i s  might  be a  p r a c t i c a l  procedure. Havinq 
t o  use work a t  depth, even though a i r  cou ld  be employed as t h e  breath-  
i n g  medium, o f f e r s  scarce ly  any advantage over  exposing the  sub jec t  
t o  e x a c t l y  t he  cond i t i ons  f o r  which the  t e s t  i s  supposed t o  have "pre- 
d i  c t i  ve value" : n i  trogen-oxygen exposure du r i ng  work a t  depth . 
(3)  I f  dead space a c t u a l l y  has the  expected e f f e c t s  - and n o t  those 
shown i n  t h i s  s tudy - i t s  use i n  con junc t ion  w i t h  work a t  t he  
sur face  should prove o f  some value as a  means o f  se lec t i on .  



Reproduci b i  1  i t y  

I n  any case, one o f  the  main problems o f  a  s e l e c t i o n  procedure w i  11 
be i t s  r e p r o d u c i b i l i t y .  A t e s t  which had t o  be run several times w i t h  a  
given man t o  y i e l d  s i g n i f i c a n t  r e s u l t s  would probably be imprac t i ca l .  The 
l ack  o f  consistency apparent i n  some o f  the  r e s u l t s  o f  t h i s  study i s  n o t  
encouraging from t h a t  s tandpoint ,  b u t  e l i m i n a t i o n  o f  some o f  the uncontro l  l e d  
var iab les  should be he1 p f u l  . 
5.4 M isce l l  aneous f a c t o r s  

5.4.1 Work r a t e  

(1 )  The r e s p i r a t o r y  minute volume (RMV) i s  mod i f ied  by var ious fac-  
t o r s ,  b u t  i t  va r ies  p r i m a r i l y  i n  accord w i t h  the  oxygen consumption 
and carbon d iox ide  product ion.  Changes i n  work-rate can thus produce 
changes i n  RMV much g rea te r  than those associated w i t h  such va r iab les  
as r e s p i r a t o r y  s e n s i t i v i t y  t o  carbon d iox ide .  I f ,  as i n  t he  present  
study, the  work-rate i s  h i g h l y  va r i ab le  from run t o  run, comparison 
o f  i n d i v i d u a l  RMV values i s  useless unless oxygen consumption and/or 
carbon d iox ide  ou tput  can be measured simultaneously. 

(2 )  I t  was hoped t h a t  the hyd rau l i c  b i c y c l e  ergometer would prov ide  
an even more reproduc ib le  form o f  work than s t a t i o n a r y  swimming. -To 
date, i t  has f a i l e d  t o  do so and leaves the  l abo ra to r~y  w i t h  no de- 
pendable method o f  exe rc i s ing  subjects except i n  t he  water. The 
b i c y c l e  must be improved o r  supplanted. 

5.4.2 Wet vs. d ry  

(1 ) This  study was conducted i n  the d ry  chamber i n  p a r t  because o f  
supposedly g rea te r  convenience and i n  p a r t  t o  explore the  desi r a b i  1  i t y  
and poss ib le  problems o f  working " i n  t he  dry" .  There are c e r t a i n l y  
many procedures which would be d i f f i c u l t  o r  impossib le underwater. 

r 

(2 )  I t  was i n t e r e s t i n g  t o  note, however, t h a t  a  s u r p r i s i n g  number o f  
problems are more e a s i l y  handled underwater than i n  t he  chamber. Con- 
t r o l  o f  temperature i s  t he  foremost example. F a i l u r e  o f  a v a i l a b l e  
measures t o  keep the  sub jec ts  comfortable dur ing  the  depth runs may 
have made a  very s i g n i f i c a n t  d i f f e rence  i n  the  r e s u l t s  (5.2.2 ( 3 ) ) ,  
and there  seems t o  be no p o i n t  o f  doing any p o t e n t i a l l y  "temperature 
s e n s i t i v e "  study i n  the  d r y  chamber u n t i l  a i r  cond i t i on ing  i s  i n s t a l l e d  
Without a i r  cond i t i on ing  , uncon t ro l l  ed t e m ~ e r a t u r e  wi 11 be a  severe 
handicap, i f  n o t  an insurmountable obstac le,  i n  s o l v i n g  any problem 
which cannot be s tud ied  r e a d i l y  underwater. 

( 3 )  To date, the  importance o f  d i f ferences between swimming and dr<y- 
land forms o f  work i s  unknown. The e f f e c t  o f  p o s i t i o n  and h y d r o s t a t i c  
f a c t o r s  on breath ing,  f o r  exam~le ,  might  be o f  g rea t  i m ~ o r t a n c e  i n  cer -  
t a i  n  problems. Since i nves t i ga t i ons  which requ i re  d ry  cond i t ions  can 
be foreseen, the d i f f e rences  deserve i nves t i ga t i on .  I n  t he  meantime, 
cont inu ing  t o  conduct s tud ies  underwater whenever Possib le aPpears t o  
be the best  course. . - 



5.4.3 Breath ing res is tance 

A1 though i nspi  r a t o r y  and e x ~ i  r a t o r y  pressures were recorded a t  the  
mouthpiece u n i t  and found t o  increase considerably a t  depth, they were 
n e i t h e r  ob j e c t i  ve l y  o r  s u b j e c t i v e l y  bad according t o  c u r r e n t  standards 
except a t  unusual ly  h igh  R M V ' s .  The concurrent increases i n  pCO were 
no t  considered g rea t  enough t o  warrant  any attempt t o  d iscern  i n f e r r e -  
l a t i o n s h i p s  between C02 l e v e l s  and res is tance.  This should a l so  be the  
sub jec t  o f  a  s p e c i f i c  study. 

6. CONCLUSIONS 

6.1 Concl us i ons 

( 1  ) The f requent  observat ion o f  lower end - t i da l  pC02 w i t h  added 
resp i  r a t o r y  dead space prevents reaching f i  r m  concl usions about 
t he  main problems o f  t he  study. 

(2 )  A1 though probably an a r t i  f a c t ,  these observat ions i n d i c a t e  t h a t  
re-consi de ra t i on  o f  c u r r e n t  concepts.about dead soace i s  des i rab le .  

( 3 )  Fur ther  i n v e s t i g a t i o n  o f  dead space e f f e c t s  i s  requ i red  and should 
i nc lude  cons idera t ion  o f  bas ic  mechanisms invo l ved  i n  response. 

6.1.2 Dead space and personnel s e l e c t i o n  

I n  s p i t e  of equivocal r e s u l t s ,  the  poss ib le  value o f  dead space response 
t e s t s  i n  personnel s e l e c t i o n  remains worthy o f  f u r t h e r  i n v e s t i g a t i o n .  

6.1.3 Dead space e f f e c t s ,  general 

( 1  ) I f  the  " p o s i t i v e "  changes observed are v a l i d ,  added dead space i n  
the order  o f  one 1  i t e r  i s  capable o f  producing l a r g e  increases i n  pC02 
a t  l e a s t  i n  some sub jec ts  and e s p e c i a l l y  a t  depth. 

( 2 )  Fur ther  s tudy i s  i n d i c a t e d  and should i nc lude  i n v e s t i g a t i o n  o f  
the  e f f e c t s  o f  smal le r  dead space volumes. 

6.1.4 Personnel se lec t i on ,  general 

(1  ) Carbon d iox ide  l e v e l s ,  w i t h  o r  w i thou t  dead space, show an en- 
couraging degree o f  c o r r e l a t i o n  w i t h  Phase 2 r e s u l t s  under c e r t a i n  
condi t i  ons. 

( 2 )  According t o  avai 1  ab le  in fo rmat ion ,  measurements dur-ing work, 
e s p e c i a l l y  a t  depth and poss ib l y  w i t h  added dead s?ace, are the  most 
promis ing basis  f o r  s e l e c t i o n  tes ts .  

4.1.5 E f f e c t s  o f  depth 

(1  ) Except i n  a  general way, t he  study d i d  n o t  conf i rm Phase 2  "work- 
depth-ni  t rogen" observat ions re1  a t i  ve t o  carbon d iox ide  1  eve1 s. 



( 2 )  There are numerous poss ib le  reasons f o r  t h i s  l a c k  o f  conf i rmat ion  
b u t  the  o r i g i n a l  observat ions should be checked and extended as soon 
as poss ib le .  

6.1.6 Miscellaneous 

(1)  Fu r the r  s tud ies  i n v o l v i n g  dead space should assure t h a t  the  sub- 
j e c t s  do n o t  know when dead space i s  added o r  removed, and a  r i g i d  
type o f  dead space volume should be employed p r i m a r i l y .  

(2 )  There i s  no use o f  conduct ing conceivably "temnerature s e n s i t i v e "  
s tud ies  i n  the  d ry  chamber w i thou t  a i r  cond i t i on ing  o r  some equa l l y  
e f f e c t i v e  means o f  con t ro l  1  i n g  body temperature. 

(3 )  The importance o f  var ious d i f f e rences  between "wet" and "dry"  
cond i t ions  needs t o  be i nves ti gated. 

( 4 )  The b i c y c l e  ergometer i s  n o t  s u f f i c i e n t l y  r e l i a b l e  i n  i t s  
present  form. A dependable "work machine" i s  u rgen t l y  needed. 

6.2 Recommendations 

6.2.1 Re-i nves t i  gate carbon d iox ide  l e v e l s  i n  n i  trogen-oxygen expo- 
- 

sure a t  e a r l i e s t  poss ib le  t ime. I f  previous f ind ings are confirmed, 
extend study t o  e luc ida te  mechanisms and parameters o f  e f f e c t .  

6.2.2 Conduct G r t h e r  s tud ies  o f  dead space e f f e c t s ,  avo id ing  poss ib le  
sources of e r r o r  noted i n  t h i s  study, i n c l u d i n g  smal le r  dead space v o l -  
umes, and consi d e r i  ng fundamental re1  a t i  onshi ps. 

6.2.3 Pursue i n v e s t i g a t i o n  o f  poss ib le  personnel s e l e c t i o n  procedures, 
concentrat ing on measurements du r ing  e x e r t i o n  w i t h  and w i thou t  added 
dead space. 

I 

6.2.4 Take steps t o  a i r - c o n d i t i o n  a t  l e a s t  one recompression chamber. 
Unt i  1  t h i s  i s  done, conduct s tud ies  underwater whenever poss ib le .  

6.2.5 I n t e n s i f y  e f f o r t s  t o  ob ta in  a  s a t i s f a c t o r y  "work machine". 

6.2.6 When t ime permi ts  , ob ta in  i nformat ion concerning: 

(1 ) The i n f l uence  o f  body. temperature on oxygen to lerance,  reso i  r a -  
t i o n ,  and o the r  r e l a t e d  func t ions .  

(2 )  Importance o f  var ious cond i t ions  which d i  f f e r  between s tud ies  
conducted underwater and " i n  the  dry" .  

7. FIGURES AND TABLES 

7.1 Figures 

7.1 1. Composition o f  Runs ( i n  t e x t :  PROCEDURE, 3.7.1 ). 
2. Apparatus f o r  Dead Space Study. 
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TABLE 1 . End-t i  dal  carbon d i  ox i  de tension,  r e s ~ i  r a t o r y  minute vo l  ume , and 
resp i  r a t o r y  ra te .  

RUNS AT SURFACE 

*NOTE: RMV represents n e t  volume 'o f  gas exp i red  through meter. To o b t a i n  s u b j e c t ' s  t o t a l  
expi r e d  volume, when b rea th ing  w i t h  dead space bag i n  c i r c u i t ,  add one 1 i t e r  pe r  
breath. (Values g iven are a t  ambient t e m ~ e r a t u r e  and pressure, sa tura ted  w i t h  
water vapor. i e uncorrected. ) 

F 

WORK (20 minutes) REST (20 minutes) 

Main Per iod 
(15 min.) - 

pC02 RMV* Rate 

SUBJECT m . ~ g  L/min. - bpm 
I 

No added D.S. 

S h i f t  Per iod  Main Per iod  S h i f t  Per iod  
(5 min.) , (15 min,.) (5  min.]  

A,- 

$02 RMV* 
m.Hg L/min. 

16.4 
16.8 

7.4 
11.8 
14.4 
20.0 

14.5 

"NO DEAD 
SPACE" 

RIMS 

Rate 
bpm 

"DEAD 
SPACE" 

RUNS 

Coggeshall 
h ~ e r  
Eunderburk 
Hanes 
Hol l ingsw. 
Lanphi e r  

MEAN 

I 
1000 ccadded  D. S: 

Coggeshal 1 
Dwye r 
Funderburk 
Hanes 
Hol l ingsw. 
Lanphi e r  

42 
46 
52 
44 
49 
38 

45.2 

40.4 
50.4 
26.8 
36.2 
32.8 
45.2 

38.6 

NoaddedD.  S. 

20.5 
18.5 
14.0 
13.0 
18.0 ' 

22.5 

1 7 . 8 : 3 6 . 5  

44 
51 
48 
51 
52 
42 

48.0 

1000 cc added D. S. 

1000 cc added D. S. 

37.5 
41.0 
30.0 
32.0 
33.5 
40.0 

35.7 

11.6 
7.0 
3.0 
4.5 

11.4 
10.8 

8.1 

33 
39 
37 
35 
40 
35 

No added D. S. 

18.2 
13.2 
12.4 
11.0 
17.6 
22.4 

15.8 

53 
51 
51 
42 
43 
41 

MEAN 146.8 

9.6 
9.6 
8.6 
8.6 

10.6 
11.2 

9.7 

10.0 
5.5 
4.0 
4.5 

14.5 
8.5 

7.8 

37 
39 
37 
33 
42 
39 

37.8 

25.6 
31.6 
29.0 
:28.4 
27.4 
36.0 

29.7 

8.0 
6.0 
9.0 
6.5 
7.5 
7.5 

7.4 

1000 cc added D. S. 

15.5 
13.5 
11.0 
11.0 
13.5 
17.0 

13.6 

49 
47 
52 
45 
44 
38 

45.8 

No added D. S. 

27.0 
39.0 
30.5 
32.5 
29.5 
42.5 

33.5 

12.2 
5.6 
6.6 
5.2 

10.2 
9.2 

46 
38 
36 
29 
40 
36 

10.0 
5.0 
2.5 
5.0 

10.5 
6.5 

6.6 

39 
36 
37 
31 
37 
34 

35.7 

6.6 
7.6 

11.6 
8.4 
8.2 
9.4 

8.5 
8.0 
9.0 
8.5 
8.0 
9.5 

8.6 37.5 8.6 1 8 . 2  
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TABLE 4. RANK OF SUBJECTS ACCORDING TO END-TIDAL 
(OR ARTERIAL) pC02 I N  PREVIOUS STUDIES: 

( i n  o rder  o f  decreasing pC02, mm Hg) 

Notes : 

1. Phase 2 data (See Formal Report 7-55) 

2. Phase 3 data (See Formal Report 2-56) 

3. Maximum values represent  the h ighes t  recorded f o r  t he  sub jec t  
du r i ng  any p a r t  o f  any run  under these cond i t ions .  Mean values 
represent  mean f o r  l a s t  5 minutes o f  work i n  one o r  more runs. 

N202, 99 ft. , WORK (1 ) 

4. Note t h a t  CIRELLI was n o t  a sub jec t  i n  t he  present  se r i es .  

r 
AIR, SURFACE, WORK ( 2 )  

SUBJECT 

DWYER 

CIRELLI (4 )  

FUNDERBURK 

HANES 

HOLLINGSW. ( 5 )  

COGCESHALL 

LANPHIER 

5. I n  one run  i n  which he d i d  n o t  use " c o n t r o l l e d  b rea th ing" .  
mean CO was 51 mm Hg. 

P 2 
6. DWYER was n o t  s tud ied  i n  Phase 3. 

SUBJECT 

(6)  
CIRELLI 

HOLLINGSW. 

COGGESHALL 

FUNDERBURK 

- HANES ( 7 )  

LANPHIER 

7. Appeared t o  be h y p e r v e n t i l a t i n g  i n  run i n v o l v i n g  a r t e r i a l '  punc- 
tu re .  Comparable run  (end - t i da l  o n l y )  y i e l d e d  CO o f  47.9 mm Hg. 

P 2 

Co2 
( a r t .  ) 
mean 

56.8 

50.7 

47.0 

44.4 

44.3 

35.3 

pCO? 
(end- ti da l  ) 

8. Average o f  mean values f o r  sub jec ts  o f  present  study i s  56.6 mm Hq. 

( 3 )  
mean 

63 
62 

61 

61 

58 

56 

40 

(8 )  

( 3 )  
max. 

72 

67 

68 

62 

65 

56 

44 



TABLE 5. OXYGEN CONSUMPTION DATA 
(Surface runs only,  l a s t  5 min- 

minutes o f  main work-peri  od. ) 

Dead Oxygen Consumption 
SUBJECT Space 1 i t e r s  pe r  minute 

COGGESHALL 

DWY ER 

FUNDERBURK 

HANES 

HOLLINGSWORTH 0 
t 

LANPHIER 

TABLE 6. BREATHING RESISTANCE 

NOTE: Breath ing res is tance data was n o t  analyzed i n  d e t a i l ,  b u t  
the f o l l o w i n g  formula and "constants" permi t  c a l c u l a t i n g  
approximations and i n d i c a t e  the  r e l a t i v e  magnitude under' 
var ious condi ti ons. 

Where P = i n s p i r a t o r y  o r  e x p i r a t o r y  pressure (cm of water) 

V = n e t  RMV ( l i t e r s )  

k = constant 

CONDITION 

SURFACE 
m 
d. s. 

99 FEET 
m 

CONSTANTS 

WORK - REST 
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Sincere thanks are  due t o  the  subjects f o r  t h e i r  pat ience and 
cooperat ion, especi a1 l y  noteworthy because o f  the  extreme discomfor t  
invo lved i n  some o f  t h e  runs. C red i t  i s  a l so  due the h o s p i t a l  corps- 
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t ra inee  ass is tan ts ,  Mar t i n  Palmer, Andrew White, A l v i n  Szojchet,  
and A l b e r t  Loew, who devoted a  l a rge  amount o f  t ime and hard work 
t o  adopt ing and us ing  the  two methods o f  measuring oxygen consump- 
t i o n ,  c a l i b r a t i o n  o f  t h e  b i c y c l e  ergometer, gas analys is ,  and the  
processing o f  data. 

YN3 R.W. WILTERDINK deserves c r e d i t  f o r  the  considerable job o f  
t y p i n g  t h i s  repo r t .  

8.2 Work r a t e  (Refer t o  Procedure, 3.4) 

During the course o f  t he  study, t roub le  developed w i t h  the  bear- 
ings and pump-coupling o f  the  b i c y c l e  ergometer. This  added consider- 
able f r i c t i o n  and increased the  work o f  pedal ing. The d i f f i c u l t y  was 
n o t  r e a d i l y  corrected,  and attempts t o  b r i n g  the  work r a t e  down t o  i t s  
proper l e v e l  by reducing the  pressure were n o t  cons i s ten t l y  successfu l .  
Since n e i t h e r  oxygen consumption nor  carbon d iox ide  output  were 
measured du r ing  depth runs, the  work-rate became a  f l u c t u a t i n g  and 
unknown v a r i a b l e  i n  many o f  the  runs. This v a r i a b i l i t y  was accentuated 
by one sub jec t  who, i t  was l a t e r  discovered, had chosen t o  ignore  
the ra te -con t ro l  i n d i c a t i o n .  (See 4.5.1 ( 3 ) ) .  

8.3 Temperature (Refer  t o  Procedure, 3.5). 

Owing t o  the  i ne f fec t i veness  o f  methods o f  c o n t r o l l i n g  temperature 
du r ing  the  99 - f t .  runs, temperature and humidi ty  were both obviously  
high. The subjects were acu te l y  uncomfortable espec ia l l y  du r ing  work. 
They were drenched w i t h  p e r s p i r a t i o n  which dr ipped from them and formed 
s i zab le  puddles on the  deck. 

A1 though none o f  t h e  more ser ious mani fes t a t i  ons associated w i t h  
heat-s t ress appeared, t he  subjects were unanimous i n  f e e l i n g  t h a t  t he  
heat made an otherwise t o l e r a b l e  procedure i n t o  an ordeal .  

8.4 Arrangement o f  runs (Refer t o  Procedure, 8.4) 

The 5-minute " s h i f t "  per iods were inc luded t o  ob ta in  some indi ,cat i ,on 
o f  the  e f f e c t  o f  presence o r  absence o f  added dead space w i t h i n  each run, 
uncomplicated by the  i n f l u e n c e  o f  day-to-day v a r i a t i o n s  i n  the  sub jec t  
h imse l f  o r  i n  run-condi t i ons .  It was recognized t h a t  5-minutes was n o t  
s u f f i c i e n t  t o  permi t  reaching a  steady s ta te ,  b u t  i t  seemed the  longest  
p r a c t i c a l  pe r iod  from t h e  standpoint  o f  s u b j e c t - f a t i  gue and decompressi on-time. 
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